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Terrestrial environments such as soils or the
vadose zone are typically complex microbial
environments that contain large, diverse
microbial populations. Of the many types of
microflora found within soils, bacteria are
particularly critical for in situ bioremediation.
Soil bacteria are simple prokaryotic organisms
with diverse characteristics, including variable
terminal electron acceptors that allow for aer-
obic or anaerobic modes of respiration, as
well as heterotrophic and autotrophic modes
of nutrition. Coupled with this is their capa-
bility of remaining dormant for long periods
of time within soil, and yet they are biologi-
cally engineered for rapid growth and fluid
genetic changes. Thus, they are perfectly
designed for and adapted to soils, which con-
sist of an inorganic and organic matrix with
ﬂuctuating abiotic conditions. Normally, soil
bioavailable microbial substrate becomes self-
limiting, and soil bacteria for the most part
exist under starvation conditions. Overall,
then, soils are a harsh environment for bacte-
ria, and yet they normally support diverse
culturable bacterial populations of 108 to 109
organisms per gram of soil (1).
The addition of metal or organic contam-
inants to soils can impose additional stress on
microbial communities, resulting in decreased
viable bacterial populations and/or activities
(2–7). This situation can be exacerbated
when pollution results in soils co-contami-
nated with both metals and organics. In this
case the double stress imposed on soil bacter-
ial communities means that for effective 
in situ bioremediation of the organic contam-
inant, there must be metal-resistant microbes
with appropriate degradative genes, or a con-
sortia of metal-resistant microbes with the
appropriate catabolic capabilities. High soil
metal concentrations can inhibit the micro-
bial degradation of organics that are normally
easily degraded within soils (4,8). In such
cases bioaugmentation may enhance degra-
dation and may even be a prerequisite for
effective bioremediation.
Bioaugmentation has been deﬁned as the
introduction of speciﬁc microbes into a conta-
minated site for the purpose of enhancing the
biological activity of the existing populations
(9). The major problems associated with
bioaugmentation are a) the rapid decline in
numbers or death of the introduced microbe
that can occur because of biotic or abiotic
stress and b) the difﬁculty in getting the intro-
duced microbes dispersed throughout the con-
taminated site. These problems can occur
when the expected enhanced degradation is
caused by activity from the introduced whole
cells (cell bioaugmentation). Because of this,
we now define gene bioaugmentation as the
process of obtaining enhanced activity after
gene transfer from an introduced donor
organism into a member of the indigenous
soil population. In this case, death of the more
“ﬁt” indigenous members is less likely, and the
resultant transconjugants can “grow” through
the contaminated site. In this article we exam-
ine different scenarios that use cell and/or gene
bioaugmentation to enhance bioremediation




Soils were collected from two areas near
Tucson, Arizona: Madera Canyon (Madera
Canyon soil), and the University of Arizona
Campus Agricultural Center (Brazito sandy
loam). Soils have had no known previous
exposure to cadmium (Cd), 2,4-dichlorophe-
noxyacetic acid (2,4-D), or 3-chlorobenzoate
(3-CB). Surface soils were sieved (pore size, 2
mm) and if not used within 1 week of collec-
tion, stored at 4°C. Properties of each soil
type are shown in Table 1.
Bacteria Used in Bioaugmentation
Studies
Ralstonia eutropha JMP134 (pJP4). This
bacterium contains plasmid pJP4, an 80-kb
catabolic plasmid that codes for the initial
breakdown of 2,4-D to 2-chloromaleylacetic
acid. Further degradation from 2-chloroma-
leylacetic acid to succinic acid is dependent on
chromosomal genes located within JMP134.
Plasmid pJP4 belongs to the IncP1 group and
also encodes resistance to mercuric ions.
Escherichia coli D11. This bacterium
contains plasmid pJP4 but does not have
the chromosomal genes necessary for the
transformation of 2-chloromaleylacetate to
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Soils co-contaminated with metals and organics present special problems for remediation. Metal
contamination can delay or inhibit microbial degradation of organic pollutants such that for effec-
tive in situ biodegradation, bioaugmentation is necessary. We monitored the degradation of 2,4-
dichlorophenoxyacetic acid (2,4-D) or 3-chlorobenzoate (3-CB) in two different soils with and
without cadmium (Cd) contamination. Additionally, we evaluated the ability of bioaugmentation
to enhance organic degradation in these co-contaminated soils. Finally, we determined whether
enhanced degradation was due to survival of the introduced organism (cell bioaugmentation) or
plasmid transfer to indigenous microbial populations (gene bioaugmentation). In Brazito soil,
dual inoculation with a Cd-resistant bacterium plus a known 2,4-D–degrading bacterium,
Ralstonia eutropha JMP134, enhanced 2,4-D degradation. Escherichia coli D11, which lacks chro-
mosomal genes necessary for complete 2,4-D mineralization, was used for gene bioaugmentation
in Madera soil. Significant gene transfer of the plasmid to the indigenous populations was
observed, and the rate of 2,4-D degradation was enhanced relative to that of controls. Cell bioaug-
mentation was further demonstrated when Comamonas testosteroni was used to enhance biodegra-
dation of 3-CB in Madera soil. In this case no transfer of plasmid pBRC60 to indigenous soil
recipients was observed. For the Madera soil, nonbioaugmented samples ultimately showed com-
plete 2,4-D degradation. In contrast, nonbioaugmented Brazito soils showed incomplete 2,4-D
degradation. These studies are unique in showing that both cell bioaugmentation and gene
bioaugmentation can be effective in enhancing organic degradation in co-contaminated soils.
Ultimately, the bioaugmentation strategy may depend on the degree of contamination and the
time frame available for remediation. Key words: 2,4-dichlorophenoxyacetic acid, bioaugmenta-
tion, bioremediation, co-contaminated soil, gene transfer, heavy metals. Environ Health Perspect
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succinic acid. Therefore, it will be selected
against, in media in which 2,4-D is the sole
carbon source. In contrast, transconjugants
that acquire pJP4 and that do contain the
appropriate chromosomal genes can easily
be detected on selective media with 2,4-D
as the sole carbon source.
Comamonas testosteroni BR60. This
bacterium was isolated by Wyndham et al.
(10) from surface runoff waters near an
industrial landfill. C. testosteroni BR60 was
found to degrade 3-CB via the protocatechu-
ate pathway contained on the 85-kb plasmid
pBRC60 (11). C. testosteroni BR60 has also
been shown to degrade various other chlorine
and methyl-substituted benzoates and to be
capable of transferring its degradative genes to
indigenous bacteria.
Pseudomonas sp. H1. This bacterium was
isolated and characterized by our laboratory. It
is resistant to 225 µg/mL Cd in solution. It is
also able to sequester Cd from solution, thus
reducing bioavailable Cd levels (5).
Soil Microcosms and Bioreactors
Bioaugmentation studies in soil were
conducted either in 0.5-L polypropylene
wide-mouth screw-cap jars (microcosms) or
in 20-L polypropylene containers (bioreac-
tors). All studies were replicated 3 times
unless indicated otherwise. Appropriate
chemical (Sigma Chemical Company, St.
Louis, MO, USA; 2,4-D, minimum 95%
purity; Cd, 99.3% purity) and biological
amendments were made to the soils. At desig-
nated time intervals, a subsample of soil was
extracted for microbial and chemical assays.
Microbial assay: isolation and characteri-
zation of presumptive transconjugants con-
taining plasmid pJP4. Indigenous soil
bacterial recipients of plasmid pJP4 are
referred to as transconjugants. These were
isolated on 2,4-D–selective media (12) and
distinguished via ERIC (enterobacterial repet-
itive intergenic consensus) polymerase chain
reaction (PCR) fingerprinting techniques
(13). A modiﬁed miniscreening procedure for
large plasmids was used to assess the presence
of an 80-kb plasmid (14). Finally, the pres-
ence of pJP4 plasmid was conﬁrmed via PCR
detection of the tfdB gene (15).
Chemical assay: quantitation of organic
biodegradation. The concentration of 2,4-D
or 3-CB within soil was monitored using a
Waters Associates (Milford, MA, USA)
high-performance liquid chromatograph
(HPLC) system with a wavelength of 235 nm
and a Waters C18 column (14).
Results
Experiment 1: Evaluation of 2,4-D degrada-
tion within Cd-contaminated Madera
Canyon soil by the indigenous soil microﬂora.
This experiment was a laboratory microcosm
study performed in triplicate. Madera sandy
loam soil was amended with 1,000 µg 2,4-
D/g soil and 0, 60, 120, 180, or 240 µg Cd/g
soil added as CdCl2. A subsample of moist soil
from each microcosm jar was extracted and
analyzed for 2,4-D concentration via HPLC
analysis. Sampling was performed immedi-
ately after chemical additions and weekly
thereafter until 2,4-D degradation was com-
plete. Figure 1 shows the effects of Cd on the
ability of the indigenous soil population to
degrade 2,4-D, with a distinct lag phase fol-
lowed by active degradation. With no Cd
amendment of the soil, complete degradation
of 2,4-D by the indigenous population was
accomplished in 21 days. The addition of Cd
to soil at levels of 60, 120, 180, and 240 µg
Cd/g soil resulted in a progressive increase in
the adaptation period before the onset of
degradation. Total disappearance of the 2,4-D
at the highest level of 240 µg Cd/g soil
required 35 days, 2 weeks longer than the
control soil receiving no Cd addition.
The mineralization of the organic
compound 2,4-D was preceded by an accli-
mation or adaptation period, the length of
time between the addition of the organic
compound and the onset of its degradation.
In this study of the indigenous population
response, there was a progressive increase in
the time necessary for the disappearance of
added 2,4-D as increased Cd levels were
added to soil. This appeared to be due to an
increase in the adaptation period rather than
decreased degradation rates. Once this lag
phase ended, degradation proceeded rapidly
regardless of Cd level. It is important to note
that the bioavailable Cd concentrations in the
soil were measured and remained constant
throughout the experiment (data not shown).
Experiment 2: Cell bioaugmentation
using Ralstonia eutropha JMP134 and
Pseudomonas H1. Here Pseudomonas sp. H1
and R. eutropha JMP134 were inoculated
individually into bioreactors containing
Brazito sandy loam co-contaminated with
Cd (60 µg/g) and 2,4-D (500 µg/g). Each
treatment was replicated twice. Table 2 shows
the results of these intermediate field-scale
trials. In the absence of inoculum, some 2,4-
D loss (from 500 µg/g to 400 µg/g) was
observed within the 70-day ﬁeld trial. Upon
the introduction of JMP134 (with 2,4-D
only), degradation from 500 µg/g to 200 µg/g
was apparent by day 70. Bioaugmentation
with the metal-resistant H1 alone did not
improve biodegradation. In the presence of
Cd, degradation by JMP134 was completely
inhibited and only occurred upon the co-aug-
mentation with JMP134 and H1. Ninety per-
cent of the recovered 2,4-D–degrading isolates
were not JMP134, indicating the potential for
gene transfer via gene bioaugmentation. In
addition, however, cell bioaugmentation via
H1 was also necessary.
Experiment 3: Cell bioaugmentation
and 3-CB degradation within Madera
Canyon sandy loam. Inoculation of Madera
Canyon soil with C. testosteroni BR60
increased the rate of 3-CB degradation in
both the 500 and 1,000 µg 3-CB/g soil
microcosms (Figure 2). Each treatment was
performed in triplicate. In the 500 µg 3-CB/g
soil microcosms, 3-CB was reduced to unde-
tectable levels within 7 days in the BR60-
inoculated soil but persisted until 21 days in
the uninoculated soil. The inoculation effect
was more pronounced in the 1,000 µg 
3-CB/g soil microcosms, with 3-CB being
undetectable within 14–21 days, whereas
562.9 ± 5.7 µg 3-CB/g soil remained in the
uninoculated microcosms after 28 days.
In the inoculated treatments the total num-
ber of culturable degraders increased from the
initial inoculum level of 106 colony-forming
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Table 1. Characteristics of Madera Canyon soil and Brazito sandy loam.a
Composition (%)
Soil pH Texture Sand Silt Clay Organic matter
Brazito 8.5 Sandy loam 76 12 12 1.1
Madera 6.5 Sandy loam 78 16 6 3.3
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Figure 1. Influence of Cd on 2,4-D degradation by
the indigenous microbial population within Madera
Canyon soil. Error bars represent standard devia-
tion of three replicate microcosms.
Table 2. Intermediate field scale trials: 70-day
bioreactor results.
Treatment Bioaugmentation 2,4-D degradation
2,4-D only None Yes
2,4-D only JMP134 Yes
2,4-D + Cd None No
2,4-D + Cd H1 (Cd detoxiﬁer) No
2,4-D + Cd JMP134 (known No
2,4-D degrader)
2,4-D + Cd H1 + JMP134 Yes
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units (cfu)/g soil to approximately 108 cfu/g
soil, an increase that was more rapid in the
500-than in the 1,000-µg 3-CB/g soil micro-
cosms. In contrast, no indigenous 3-CB
degraders were detected in the inoculated
microcosms throughout the experiment
because all degraders isolated from these inocu-
lated microcosms were later conﬁrmed to be
the BR60 inoculant. In the uninoculated
microcosms, culturable indigenous 3-CB
degrader numbers increased in the uninocu-
lated, 500 µg 3-CB/g soil microcosms from
undetectable levels at 0 days to approximately
108 cfu/g soil by 14 days, and then decreased
to less than 107 cfu/g soil by 28 days. In con-
trast, no 3-CB degraders were detected in the
uninoculated, 1,000-µg 3-CB/g soil micro-
cosms during the experiment. No transfer of
plasmid pBRC60 from the BR60 inoculant to
indigenous bacteria was detected, illustrating
that the mechanism for enhanced degradation
was apparently cell bioaugmentation.
Experiment 4: Comparison of bioaugmen-
tation with two different pJP4 donors. An
intermediate ﬁeld-scale study was conducted to
assess the degradation of 2,4-D in the presence
and absence Cd in Madera Canyon sandy loam
soil. Each treatment was performed in tripli-
cate. When E. coli D11 was used as the intro-
duced donor, no enhanced degradation was
observed relative to that in noninoculated con-
trols regardless of the presence of Cd.
Degradation of 2,4-D was complete 49 days
(no Cd) to 56 days (with Cd) after inoculation
(Figure 3). When a portion of the soil was rea-
mended with 500 µg/g of 2,4-D, degradation
in the inoculated soil was greater than that in
the noninoculated controls regardless of the
presence of the co-contaminant Cd (Figure 3).
In these reamended soils, 2,4-D degradation
was much more rapid than previously. Because
Escherichia coli D11 lacked the chromosomal
genes for complete mineralization of 2,4-D,
degradation must have been enhanced by gene
bioaugmentation. In fact, signiﬁcant popula-
tions of transconjugants were observed in all
D11-inoculated treatments. The ubiquity and
diversity of soil microbial populations capable
of mineralizing 2,4-D suggest that many
microbes contain the appropriate chromosomal
genes to complement the pJP4-enhanced genes
for 2,4-D degradation (16). Culturable
transconjugant numbers reached approximately
107/g of soil in all inoculated treatments. All
transconjugants were identiﬁed via sequencing
of 16S rDNA as belonging to either the
Burkholderia or Ralstonia genus. Burkholdia
graminis was the dominant transconjugant.
When R. eutropha JMP134 was the
introduced donor organism, different results
were obtained. Note that enhanced degrada-
tion of 2,4-D via JMP134 could in fact be
due to cell and/or gene bioaugmentation
because JMP134 itself can mineralize 2,4-D
or potentially transfer that capability to other
indigenous soil recipients. In the initial soil
bioreactors, inoculation with JMP134
resulted in significantly increased rates of
2,4-D degradation compared with those in
noninoculated controls (Figure 3). All treat-
ments showed slightly reduced rates of degra-
dation in the presence of Cd. The mechanism
of enhanced 2,4-D degradation was appar-
ently cell bioaugmentation because very few
transconjugant isolates were obtained.
Upon reamendment with additional 2,4-D,
JMP134-inoculated treatments again showed
enhanced degradation rates compared with
those of noninoculated controls (Figure 3). In
this latter case, all treatments again showed
much faster rates of degradation than those in
the original soil bioreactors. Transconjugants
were detected in the reamended soils but at
low levels. Therefore, in this case, enhanced
degradation was due to JMP134 (cell bioaug-
mentation) and transconjugants (gene
bioaugmentation).
It is interesting that in the original soil
bioreactors, bioaugmentation with JMP134
resulted in the greatest rates of degradation
relative to those in either D11-inoculated
treatments or noninoculated control treat-
ments. However, upon reamendment with
2,4-D, D11 treatments resulted in the
highest degradation rates.
Discussion
Whereas 2,4-D was readily degraded within
Madera soil by indigenous microorganisms,
when the co-contaminant Cd was present,
rates of degradation were decreased. These
data show that co-contamination with a
metal can delay or even inhibit indigenous
microbial activity. Other studies have also
shown adverse affects of metals on microbial
activities and biomass (6,17).
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Figure 2. Concentrations of 3-CB in microcosms
amended with (A) 500 µg 3-CB/g soil and (B) 1,000
µg 3-CB/g soil that were uninoculated or inocu-
lated with C. testosteroni BR60. Error bars represent
the standard deviation of three replicate micro-
cosms. Figure adapted from Gentry et al. (18).
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Figure 3. Degradation of 2,4-D in Madera Canyon soil bioreactors, presented as the percentage remaining
of the initial 2,4-D added to each bioreactor or microcosm. Data points and error bars show means and
standard deviations based on data from three replicate bioreactors or microcosms. Figure reproduced
from Newby et al. (12) with permission from American Society for Microbiology.The influence of Cd on 2,4-D degrada-
tion was clearly observed in experiment 2.
Here, the low-nutrient desert soil, Brazito
sandy loam, was unable to support degrada-
tion of 2,4-D in the presence of the co-conta-
minant Cd. This inhibition could only be
overcome by inoculation with two bacterial
isolates, JMP134 and H1. In this study,
enhanced activity in the presence of Cd was
likely due to dual cell bioaugmentation with
JMP134 and Pseudomonas H1. The mecha-
nism for enhanced degradation would appear
to have been Cd detoxification by
Pseudomonas H1 via cell bioaugmentation,
which enhanced gene transfer from JMP134
to indigenous organisms.
Cell bioaugmentation was also successful
in the studies with 3-CB. Inoculation of 
3-CB–contaminated soil with C. testosteroni
BR60 increased the rate of degradation at lev-
els of 500 and 1,000 µg 3-CB/g soil. The
increase in the rate of contaminant degrada-
tion compared with that of the indigenous soil
microflora was most dramatic at the higher
level of contamination. The higher concentra-
tion of 3-CB apparently inhibited the devel-
opment of the indigenous 3-CB degrader
population. Because no transfer of plasmid
pBRC60 from the BR60 inoculant to indige-
nous bacteria was detected, cell bioaugmenta-
tion was assumed to be the mechanism for the
increased degradation of 3-CB.
The comparison of bioaugmentation from
two different pJP4 donors illustrated the com-
plex dynamics that occur within soil microbial
communities. Whereas initially, gene bioaug-
mentation with D11 did not enhance 2,4-D
rates of degradation relative to that of noninoc-
ulated controls, cell bioaugmentation with
JMP134 did. These results were consistent
with or without the co-contaminant Cd. It is
interesting to note that the inﬂuence of Cd was
less detrimental in Madera soil than in Brazito
soil, perhaps due to the higher organic matter
content within the Madera soil. These results
can be explained by the fact that inoculation
with a high concentration of JMP134 cells
would allow instantaneous degradation of 2,4-
D. In contrast, gene transfer events from D11
could have resulted in new 2,4-D–degrading
individuals, but the cell density of these new
transconjugants would have to increase via
growth before signiﬁcant degradation resulted
from gene transfer. Upon reammendment
with additional 2,4-D, signiﬁcantly different
results were observed. Now initially gene
bioaugmented treatments (D11) resulted in
the greatest rates of degradation. These obser-
vations suggest that by the time the soil had
been re-exposed to the pollutant, transconju-
gant populations were sufficiently high to
allow significant degradation—greater even
than within JMP134-treated soils. This further
suggests that the diversified transconjugant
population generated from the E. coli D11
inoculation was better suited for subsequent
2,4-D degradation than the R. eutropha
JMP134–inoculated soil, in which the pres-
ence of the 2,4-D–degrading inoculant
repressed transconjugant growth.
Overall, these results support the premise
that gene bioaugmentation with plasmid-bear-
ing organisms may be particularly useful
because of the possibility of gene transfer to
indigenous populations. However, the utility
of gene bioaugmentation depends on a rela-
tively healthy potential recipient population.
In severely co-contaminated systems, cell
bioaugmentation that allows immediate degra-
dation of the organic contaminant may be the
viable alternative. Therefore, the ultimate
choice of cell versus gene bioaugmentation
depends on the degree of contamination and
also the time frame available for remediation
relative to the urgency of the situation.
REFERENCES AND NOTES
1. Pepper IL, Josephson KL. Biotic activity in soil and water.
In: Pollution Science (Pepper IL, Gerba CP, Brusseau ML,
eds). San Diego, CA:Academic Press, 1996;31–44.
2. Brooks PC, McGrath SP. Effects of metal toxicity on the
size of the soil microbial biomass. J Soil Sci 35:341–346
(1984).
3. Naidu CK, Reddy TKR. Effect of cadmium on microorgan-
isms and microbe-mediated mineralization process in
soil. Bull Environ Contam Toxicol 41:657–663 (1988).
4. Reber H. Simultaneous estimates of the diversity and the
degradative capability of heavy-metal-affected soil bac-
terial communities. Biol Fert Soils 13:181–186 (1992).
5. Roane TM, Josephson KL, Pepper IL. Dual-bioaugmenta-
tion strategy to enhance remediation of co-contaminated
soil. Appl Environ Microbiol 67:3208–3215 (2001).
6. Roane TM, Pepper IL. Microbial responses to environ-
mentally toxic cadmium. Microb Ecol 38:358–364 (2000).
7. Said WA, Lewis DA. Quantitative assessment of the
effects of metals on microbial degradation of organic
chemicals. Appl Environ Microbiol 59:1274–1282 (1991).
8. Burkhardt C, Insam H, Hutchinson TC, Reber HH. Impact of
heavy metal on the degradative capabilities of soil bacter-
ial communities. Biol Fertil Soils 16:154–156 (1993).
9. Maier RM. Microorganisms and organic pollutants. In:
Environmental Microbiology. (Maier RM, Pepper IL, Gerba
CP, eds). San Diego, CA:Academic Press, 2000;63–402.
10. Wyndham RC, Singh RK, Straus NA. Catabolic instability,
plasmid gene deletion and recombination in Alcaligenes sp.
BR60. Arch Microbiol 150:237–243 (1988).
11. Nakatsu CH, Providenti M, Wyndham RC. The cis-diol
dehydrogenase cbaC gene of Tn5271 is required for
growth on 3-chlorobenzoate but not 3,4-dichlorobenzoate.
Gene 196:209–218 (1997).
12. Newby DT, Gentry TJ, Pepper IL. Comparison of 2,4-
dichlorophenoxyacetic acid degradation and plasmid
transfer in soil resulting from bioaugmentation with two
different pJP4 donors. Appl Environ Microbiol
66:3399–3407 (2000).
13. Versalovic J, Koeuth T, Lupski JR. Distribution of repetitive
DNA sequences in eubacteria and application to finger-
printing of bacterial genomes. Nucleic Acid Res
19:6823–6831 (1991).
14. Newby DT, Josephson KL, Pepper IL. Detection and char-
acterization of plasmid pJP4 transfer to indigenous soil
bacteria. Appl Environ Microbiol 66:290–296 (2000).
15. Neilson JW, Josephson KL, Pepper IL, Arnold RB, Di
Giovanni GD, Sinclair NA. Frequency of horizontal gene
transfer of a large catabolic plasmid (pJP4) in soil. Appl
Environ Microbiol 60:4053–4058 (1994).
16. Fulthorpe RR, Rhodes AN, Tiedje JM. Pristine soils miner-
alize 3-chlorobenzoate and 2,4-dichlorophenoxyacetate
via different microbial populations. Appl Environ Microbiol
62:1159–1166 (1996).
17. Baath E. Effects of heavy metals in soil on microbial
processes and populations. Water Air Soil Pollut
47:335–379 (1989).
18. Gentry TJ, Newby DT, Josephson KL, Pepper IL. Soil
microbial population dynamics following bioaugmentation
with a 3-chlorobenzoate-degrading bacterial culture.
Biodegradation 12:349–357 (2001).
946 VOLUME 110 | SUPPLEMENT 6 | DECEMBER 2002 • Environmental Health Perspectives
Chemical Mixtures • Pepper et al.